Abstract: Sophoroselipids (SL) are bolaform biosurafactants which are abundantly produced by microorganisms from renewable resources. In this study, four kinds of bolaform biosurfactants were produced, and these derivatives were chemoenzymatically synthesized from "acid form" diacetylated SL (SLdiAc), which are preferentially produced by Candida fl oricola TM 1502 which was newly found in our group. The effects of the structure of sugar moiety on their surface-active properties were investigated by surface tension measurement. After microbial production of SLdiAc from oleic acid/glucose, SLdiAc was converted into acetylated glucoselipid (GLAc). Among twelve species of glucosidases, pectinase and pectolyase including polygalacturonase were found to cleave the β-1,2-glycosidic linked disaccharide, especially pectolyase produced GLAc effectively at 40 and pH 4.0. The structure of the major component of purified GLAc was assigned as 17-[(β-D-glucopyranosyl)oxy]-cis-9-octadecenoate 6'-acetate by using NMR analyses, MALDI-TOF/MS and GC-MS. Glucoselipid (GL) without acetyl group was also enzymatically converted from SL obtained from alkaline hydrolysis of SLdiAc. Interestingly, the estimated CMC values of SLdiAc, SL, GLAc, GL indicated almost the same values despite their difference in hydrophilic structure. Although the difference in monosaccaride and disaccharide also did not affect γCMC, the presence of acetyl group on sugar moiety was found to lower the γCMC value slightly, suggesting that the acetyl group on produced bolaform biosurfactant is likely to play more important role to reduce the free energy of air/water interface.
INTRODUCTION
Biosurfactants BS are surface-active compounds abundantly produced by a variety of microorganisms. They have been receiving great attention due to their unique properties, including higher biodegradability, lower toxicity, and versatile biological functions, compared to synthetic surfactants [1] [2] [3] . Because they are produced from natural resources such as vegetable oils and glycerol 4 , they are recently expected as novel bio-based materials which can contribute to the development of low-carbon society. Although several kinds of BS were already reported so far, the structural variety of biosurfactants available is still relatively limited: this has prevented a wide range of BS applications. Among a variety of BS, sophoroselipids SL , generally produced by yeasts primarily Starmerella Candida bombicola 5 , exhibit considerably a high productivity over a yield of 100 g/L from different carbon sources, and efficiently recovered from culture broths mainly by precipitation 6 . Thus they are of growing commercial interests in the cosmetic, the food, and the detergent industries. Recently, SLs and their derivatives are also found to give anti-micro-bial 7 , anti-cancer 8 , and anti-virus actions 9 .
Native SLs are a rather complex mixture generally composed of eight components with varying degree of acetylation at the 6 -and 6 -positions of the sophorose moiety, and they are divided into lactone-form and acid-form 10 .
Here, we focus our attention on acid-form SL Fig. 1 a , because the surface tension lowering action of its sodium salt 11 was similar to that of sodium dodecyl sulfate SDS , and the trioleylglycerols removal activity, namely detergency, was almost same as those of SDS, dodecyl-β -D-maltoside, and linear alkylbenzene sulfonate LAS 12 . Although S. bombicola, the best SL producer reported, mainly provides lactone-form SL together with acid-form SL as a minor component, we recently succeeded in screening a novel SL producer, Candida floricola TM 1502, which preferentially gives diacetylated acid-form SL without including lactone-form SL 13 .
Moreover, it should be noted here that acid-form SL is a bolaform surfactant having an asymmetrical polar head size disaccharide and COOH . This unique structural feature of acid-form SL, which is molecularly engineered by microorganisms, gave unique self-assembled structure including giant twisted and helical ribbons 14 . Because asymmetrical bolaform surfactants bearing two different polar heads at opposite ends of the hydrophobic core have greater structural and chemical versatility, they are expected to bring unique physicochemical properties. However, despite the increasing number of studies on symmetrical synthetic bolaform surfactants, few studies have been done on structure-property of asymmetrical ones 15 . This is likely because asymmetrical bolaform surfactants generally require more complex syntheses including multiple protection and deprotection steps. In this study, we report for the fi rst time the enzymatic conversion of diacetylated SL SLdiAc into acetylated glucoselipid GLAc , and the resulting structure were determined by 1 H-NMR, 13 C-NMR, gCOSY, gHMQC, gHMBC,
MALDI-TOF/MS and GC-MS.
Moreover, the surface properties of four kinds of produced bolaform biosurfactants including SLdiAc, SL, GLAc, GL were investigated, and the effect of sugar backbone and its functional groups on surface tension lowering action were clarifi ed with surface tension measurement.
EXPERIMENTAL

Microorganism and culture conditions
Diacetylated sophorolipids SLdiAc , 17-[2 -O-β -D-glucopyranosyl-β -D-glucopyranosyl]-oxy -cis-9-octadecenoate 6 , 6 -diacetate was microbially-produced as a starting compound and isolated by the following procedure: A seed culture 1. . The cultivation was performed at 30 , 500 rpm, and 1 vvm of aeration for 7 days. The culture broth was then extracted with an equal volume of ethyl acetate. The organic layer was separated and evaporated. The resulting yellow oil 50 g was dissolved in chloroform and placed on a column 5 40 cm . The mixture of SL was then chromatographed with a close gradient elution of chloroform-acetone 10:0 to 0:10 . Each fraction was collected and again chromatographed as above to give pure SLdiAc.
Enzymatic conversion and alkaline hydrolysis of
diacetylated sophorolipids SLdiAc Most of enzymes were purchased from Sigma, and only clara-diastase was purchased from Fluka. Enzymatic treatment was carried out in 200 mL baffl ed shake fl asks containing 20 mL acetate buffer pH 4.0 . After fi ltration of the buffer solution, SLdiAc 50 mg and each enzyme 10 mg were added aseptically. The incubation of the reaction mixture was performed on orbital shaker 100 rpm at times and temperatures as indicated in Table 1 . The resulting acetylated glucoselipid GLAc were extracted after reduction of the pH to 2.0. The extracts were analyzed by thinlayer chromatography TLC on silica plates Silica gel 60F; Wako with a solvent system consisting of chloroform/ methanol/water/acetic acid 65:15:2:2, by vol . The compounds on the plates were located by charring at 110 for 5 min after spraying an anthrone/sulfuric acid reagent as previously reported 16 . The mixture of glycolipids was then chromatographed with a close gradient elution of chloroform-methanol 10:0 to 0:10 . Each fraction was collected and again chromatographed as above to give pure GLAc. Alkaline hydrolysis of SLdiAc led to the deacetylated structure of sophorolipid SL , and was accomplished by mixini- ide in methanol for 1 h at room temperature. After adding excessive amounts of ion-exchange resin, the solution was further mixed for 1 h. Then SL was obtained by the column chromatography. Glucoselipid GL without acetyl group was also enzymatically synthesized from deacetylated SL with the procedure reported by Rau et al. 17 .
Structural characterization of the acetylated glucoselipid GLAc
Structure analysis of the purified GLAc dissolved in CDCl 3 was performed by 1 H, 13 C nuclear magnetic resonance NMR and two-dimensional NMR analysis, such as 1 H-1 H correlation spectroscopy COSY , heteronuclear multiple quantum correlation HMQC , and heteronuclear multiple bond correlation HMBC with a Varian INOVA 400 400 MHz . The molecular weight of the purifi ed GLAc was measured by matrix-assisted laser desorption/ionization time-of-fl ight mass spectrometry MALDI-TOF/MS Voyager-DE PRO with an α -cyano-4-hydroxycinnamic acid matrix. The fatty acid profi les of the purifi ed GLAc were examined by gas chromatography-mass spectrometry GC-MS as previously reported 4 . The methyl ester derivatives of fatty acids were prepared by mixing the above purifi ed glycolipids 10 mg with 5 HCl-methanol reagent 1 mL Tokyo Kasei Kogyo, Tokyo, Japan at 80 for 20 min. After the reaction was quenched with water 1 mL , the methyl ester derivatives were extracted with n-hexane and then analyzed by GC-MS Hewlett Packard 6890 and 5973N with a TC-WAX GL-science, Tokyo with the temperature programmed from 90 held for 3 min to 240 at 5 / min. Their fatty acid composition was 91 for C18 and 9 for C16, respectively. The fatty acid composition usually depends on carbon source olive oil used for fermentation process. More precisely, it was 91 for 17-hydroxy-cis-9-octadecenoic acid and 9 for 15-hydroxy-cis-9-hexadecenoic acid.
Determination of surface activity
The surface tension of four kinds of SL derivatives, SLdiAc, SL, GLAc, GL was determined by the pendant drop method at 25 , which was performed using the apparatus consisting of an automatic interfacial tensionmeter DM500, Kyowa Interface Science, Japan and the Drop Shape Analysis software of FAMAS ver. 2.01. The drop was formed at the tip of the syringe by pressing the solution out by means of a setscrew. The drop shape analysis was performed as follows: A drop profi le was extracted from the drop image; then, a curve fi tting program compared the experimental drop profi le with a theoretical one young-laplace method and gave the corresponding surface tension value. For each concentration of the purifi ed glycolipid solution, the evolution of the drop surface tension was followed over 30 min.
RESULTS AND DISCUSSION
Enzymatic conversion of SLdiAc into GLAc
To investigate the effect of sugar moiety and its functional group on the surface active property of bolaform biosurfactants, the four kinds of derivatives such as SLdiAc, SL, GLAc, GL were produced in this study. Here we chose acid-form SLdiAc as a starting compound, which is main product of Candida fl oricola TM1502. This is because the well known SL producer, Starmerella Candida bombicola, mainly supplies lactone-form diacetylated SL, togeth- er with acid-form diacetylated SL as a minor component, and it seems generally difficult to obtain acid-form diacetylated SL from lactone-form diacetylated SL by the cleavage of the lactone ring with remaining acetyl group through alkaline hydrolysis. After we produced acid-form SLdiAc from glucose/oleic acid by Candida fl oricola TM1502, the structure of purifi ed acid-form SLdiAc was confi rmed according to our previous study 13 . Considering that Rau et al. recently reported the enzymatic synthesis of glucose lipid GL from typical SL produced by S. bombicola, we thus attempted to obtain monosaccaride GLAc from disaccaride SLdiAc using resemble enzymes they used 17 . Here we employed 12 types of glycosidases for the conversion as shown in Table 1 .
Although hesperidinase and naringinase which were reported to cleave the β -1,2-glycosidic linked disaccaride without acetyl group indicated no activity, four enzymes such as invertase, pectinase solution, pectinase, and pectolyase showed activities by TLC detection. In particular, pectolyase was likely to give a high activity. These results clearly demonstrated that the presence of acetyl group on sugar moiety cause the difference in enzyme activity, this is due to the substrate specificity of used enzyme. The products were then extracted at pH 2.0 and purifi ed with a two-step silica gel column chromatography. The TLC chart of isolated unknown glycolipids Lane 2 , together with SLdiAc Lane 1 was shown in Fig. 2. 3.2 Characterization of GLAc 1 H-NMR spectrum of unknown glycolipid Fig. 3 showed a similar pattern to that of typical GL 17 , but it gave different peak patterns at around 4.2-4.5 ppm assigned to H-6 proton, which would shift to a lower fi eld by acetylation of hydroxyl group at the C-6 position. The additional resonances at 2.1 ppm for three protons showed the presence of one acetyl group in the molecule. These results indicate that unknown glycolipid is likely to be acetylated glucose lipid GLAc . 13 C-NMR, 1 H-1 H COSY, and HMQC analyses also supported this results. The position of esterifi ed carbons was determined by HMBC spectroscopy Fig. 4 . On the HMBC spectrum, a carbonyl carbon C O derived from C-6 acetyl residue was assigned at 171.9 ppm, and correlated with H-6 protons. The chemical shifts of NMR charts are summarized in Table 2 . These results clearly demonstrated that unknown glycolipid produced is 17-[ β-D-glucopyranosyl oxy]-cis-9-octadecenoate 6 -acetate Fig. 1 b . The molecular weight of the glycolipid was 525.8 determined by the main peak [M Na] on MALDI-TOF/MS analysis. Here we succeeded for the fi rst time in enzymatic conversion of GLAc from SLdiAc. It was also found that pectinase and pectolyase showed different activities in the specific cleavage of the β -1,2-glycosidic linked sophorose and released a single acetylated glucose molecule. Recently, Kashyap et al. reported that polygalacturonase splits glycosidic 1,4-linkage next to free or methyl esterifi ed carboxyl groups 18 . In the present study, polygaracturonase also would play a role in releasing acetylated glucose, be- cause pectinase from Aspergillus niger includes mainly polygalacturonase, pectintranseliminase, and pectinesterase and small amounts of hemicellulases and cellulases. Pectolyase from Aspergillus japonicus includes mainly endopolygalacturonase and endo-pectin lyase. Both enzymes included polygalacturonase, and thus it seems to be a key to affect the release of acetylated glucose. We then produced deacetylated SL from SLdiAc by alkaline hydrolysis, and enzymatically converted SL into GL without acetyl group using hesperidinase as reported in the literature 17 .
Surface active properties
To investigate the effect of sugar moiety and its functional group on surface-active property of produced bolaform biosurfactants, the surface tension of aqueous SLdiAc, SL, GLAc, and GL solutions were then measured by pendant drop method. We can clarify only the effect of hydrophilic group because these bolaform amphiphiles were produced from SLdiAc as a starting compound, indicating that they have same hydrophobic groups. Figure 5 shows the surface tension vs. concentration plots of SLdiAc, SL, GLAc, GL in distilled water. The surface tensions decreased with an increase in surfactant concentration, and became constant at critical micelle concentration CMC . All surfactants were found to indicate relatively high surface activity. The estimated critical micelle concentration CMC and surface tension at CMC γ CMC were summarized in Table 2 . Interestingly, obtained CMC values gave almost the same value in spite of their drastic difference in hydrophilic structure. This is probably due to the bolaform structure of surfactants, and the detailed structure-property relationship in this system will be reported in our future Acetyl groups -9 . 
77. study. Although the difference in monosaccharide and disaccharide also did not affect γCMC, the presence of acetyl group on sugar moiety was found to lower the γCMC value slightly, suggesting that the acetyl group on produced bolaform biosurfactant is likely to play more important role to reduce the free energy of air/water interface. The absence of acetyl group on headgroup also drastically reduced the area per molecule at the air/water interface.
CONCLUSION
The four species of bolaform biosurfactant, SLdiAc, SL, GLAc, GL were produced in the present study, and the effect of the structure of sugar moiety on their surface-active properties were investigated. Among 12 types of glycosidases, four types have an activity, and pectolyase was found to effectively cleave the β-1,2-glycosidic linked acetylated sophoroselipid SLdiAc and released a single acetylated glucoselipid GLAc . All bolaform biosurfactants produced gave relatively high surface activity, and the obtained CMC values gave almost the same value in spite of their difference in hydrophilic structure. Although the difference in monosaccaride and disaccharide also did not affect γCMC, the presence of acetyl group on sugar moiety was found to lower the γCMC value slightly, suggesting that the acetyl group on produced bolaform biosurfactant is likely to play more important role to reduce the free energy of air/water interface. The produced bolaform biosurfactans with a high surface activity would be useful for food, cosmetic, and pharmaceutical industries. 
